Results from an ongoing study of the hyperon-nucleon system within chiral effective field theory are reported. The investigation is based on the scheme proposed by Weinberg which has been applied rather successfully to the nucleon-nucleon interaction in the past. First results for the hyperon-nucleon interaction at next-to-leading order are presented and discussed.
Introduction
Chiral effective field theory (EFT) as proposed in the pioneering works of Weinberg [1, 2] is a powerful tool for the derivation of nuclear forces. In this scheme there is an underlying power counting which allows to improve calculations systematically by going to higher orders in a perturbative expansion. In addition, it is possible to derive two-and corresponding three-nucleon forces as well as external current operators in a consistent way. Over the last decade or so it has been demonstrated that the nucleon-nucleon (N N) interaction can be described to a high precision within the chiral EFT approach [3, 4] . Following the original suggestion of Weinberg, in these works the power counting is applied to the N N potential rather than to the reaction amplitude. The latter is then obtained from solving a regularized Lippmann-Schwinger equation for the derived interaction potential. The N N potential contains pion-exchanges and a series of contact interactions with an increasing number of derivatives to parameterize the shorter ranged part of the N N force. For reviews we refer the reader to Refs. [5] [6] [7] .
In the present contribution I focus on recent investigations by the groups in Bonn-Jülich and Munich on the baryon-baryon interaction involving strange baryons, performed likewise within chiral EFT [8] [9] [10] [11] [12] . Specifically, I discuss the extension of our study on the N and N interactions from leading order (LO) [8] to next-to-leading order (NLO) [11] . Our work on the baryon-baryon interaction follows very closely the scheme applied in Ref. [4] to the N N case. However, due to the limited experimental information in the N and N sectors one has to proceed somewhat differently in the practical application of chiral EFT. Most notably, there is no phase-shift analysis for the S = −1 sector and, therefore, we have to fix the strengths of the contact terms by a direct fit to data rather than by a fit to individual partial waves as it is done in the N N case. Secondly, we follow the custom of previous investigations of the Y N interaction and impose constraints from SU(3) flavor symmetry in order to reduce the number of free parameters. In particular, all the baryon-baryon-meson coupling constants are fixed from SU(3) symmetry and the symmetry is also exploited to derive relations between the various contact interactions. In the actual calculation the SU(3) symmetry is broken, however, by the mass differences between the Goldstone bosons (π, K , η) and between the baryons. For these masses we use the known physical values.
The derivation of the chiral baryon-baryon potentials for the strangeness sector at LO using the Weinberg power counting is outlined in Refs. [8, 10, 13] . Details for the NLO case can be found in Ref. [11] , see also [12] . The LO potential consists of four-baryon contact terms without derivatives and of one-pseudoscalar-meson exchanges while at NLO contact terms with two derivatives arise, together with contributions from (irreducible) twopseudoscalar-meson exchanges. The contact terms contain free parameters, so-called low-energy constants (LECs), which need to be determined in a fit to data. The contributions from pseudoscalar-meson exchanges (π, η, K ), on the other hand, are completely fixed by the assumed SU(3) flavor symmetry.
The reaction amplitudes are obtained from the solution of a coupled-channels Lippmann-Schwinger (LS) equation for the interaction potentials:
The label ν indicates the particle channels and the label ρ the partial wave. μ ν is the pertinent reduced mass. The on-shell momentum in the intermediate state,
Relativistic kinematics is used for relating the laboratory energy T lab of the hyperons to the c.m. momentum.
We solve the LS equation in the particle basis, in order to incorporate the correct physical thresholds. Depending on the total charge, up to three baryon-baryon channels can couple. The Coulomb interaction is taken into account appropriately via the Vincent-Phatak method [14] . The potentials in the LS equation are cut off with a regulator function, f R ( ) = exp − p 4 + p 4 / 4 , in order to remove high-energy components [4] . We consider cutoff values in the range =450-700 MeV, similar to what was used for chiral N N potentials [4] , but anticipate here already that the best results are achieved for cutoffs located in the interval 500-650 MeV.
Results for the N and N Interactions
The imposed SU(3) flavor symmetry implies that at LO five independent LECs contribute to the Y N interaction [8] . At NLO there are eight new contact terms contributing to the S-waves and the 3 S 1 − 3 D 1 transition, and ten in the P-waves. In the actual fitting procedure we relied primarily on the 13 LECs in the S-waves and the S − D transitions. After all, the available Y N data consist essentially only of total cross sections at low energies and these are predominantly determined by the S-wave amplitudes. The fits were performed for several values of the cutoff scale where we started with = 600 MeV. The relative strength of the (S-wave) singlet-and triplet contributions to the p interaction could not be determined from the Y N data alone, but only by considering in addition the hypertriton binding energy [11] . The subsequent fits for other cutoffs were done under the constraint that the results should stay as close as possible to those obtained with = 600 MeV, for the singlet and triplet cross sections separately in order to ensure a likewise correctly bound hypertriton. Note that no SU(3) f constraints from the N N sector were imposed in the fitting procedure for the S-waves. It became clear from exploratory studies that a simultaneous description of the + p cross section and the pp 1 S 0 phase shift cannot be achieved with contact terms that fulfil strict SU(3) symmetry [11] .
The situation for the contact terms in the P-waves is different. Here a determination of the pertinent contact terms from Y N data turned out to be practically impossible due to the lack of polarization observables, see the discussion in Ref. [11] . Therefore, in this case we preserve SU(3) symmetry and use the N N P-wave phase shifts as a further constraint.
The results obtained at NLO are presented in Fig. 1 (black/red bands), together with those at LO (grey/green bands). The bands represent the variation of the cross sections based on chiral EFT within the considered cutoff region, i.e. 550-700 MeV in the LO case and 500-650 MeV at NLO. For comparison also results for the Jülich '04 [15] meson-exchange models are shown (dashed line).
Obviously, and as expected, the energy dependence exhibited by the data can be significantly better reproduced within our NLO calculation. This concerns in particular the + p channel. But also for p the NLO results are now well in line with the data even up to the N threshold. Furthermore, one can see that the dependence on the cutoff mass is strongly reduced in the NLO case. Additional results, specifically for differential cross sections, can be found in Ref. [11] . Besides an excellent description of the Y N data the chiral EFT interaction yields a satisfactory value for the hypertriton binding energy, see Table 1 . Table 1 lists also results for two meson-exchange potentials, namely of the Jülich '04 model [15] and the Nijmegen NSC97f potential [16] , which both reproduce the hypertriton binding energy correctly. Obviously, the scattering lengths predicted at NLO are larger than those obtained at LO and now similar to the values of the meson-exchange potentials. The + p scattering length in the 3 S 1 partial wave is positive, as it was already the case for our LO potential, indicating a repulsive interaction in this channel. Such a repulsion is in accordance with evidence from the analysis of level shifts and widths of − atoms and from recently measured (π − , K + ) inclusive spectra related to − -formation in heavy nuclei, which also suggest a repulsive -nucleus potential. Calculations for the four-body hypernuclei 4 H and 4 He based on the new NLO interaction are reported in Ref. [17] .
Summary
Chiral effective field theory, successfully applied in Ref. [4] to the N N interaction, also works well for the baryon-baryon interactions in the strangeness sector. As shown in our earlier work, already at leading order the The binding energies for the hypertriton (last row) are calculated using the Idaho-N3LO N N potential [3] . The experimental value for the 3 H binding energy is −2.354(50) MeV bulk properties of the N and N systems can be reasonably well accounted for. The new results for the Y N interaction presented here, obtained to next-to-leading order in the Weinberg counting, are very encouraging. First there is a visible improvement in the quantitative reproduction of the available data on N and N scattering and, secondly, the dependence on the regularization scheme is strongly reduced as compared to the LO result. Indeed the description of the Y N system achieved at NLO is now on the same level of quality as the one by the most advanced meson-exchange Y N interactions.
